Stability of long-period stacking ordered (LPSO) structures of Mg-Zn-Y ternary alloys at elevated temperatures was examined by multicolor synchrotron radiation small-and medium-angle scattering/diffraction. The LPSO structures directly melted during heating, and the formation of LPSO was observed from supercooled liquid. The temperatures of complete dissolution and the onset of formation of LPSO phases were measured by monitoring the first diffraction peak of 14H, 18R and 10H compositional modulation. The stability of composition modulation in c axis direction was found to be the same as that of L1 2 cluster ordering in the segregation layer in both heating and cooling processes, i.e., dissolution and formation. Supercooling of LPSO was obtained for the heating/cooling rate of 10 K/min.
Introduction
Light weight alloys are one of the important key issues to achieve low CO 2 emission system in transportation infrastructures. Since the discovery of synchronized Long Period Stacking Ordered (LPSO) structures, 15) intensive studies have been made focusing on their unique structures, 28) mechanical properties, 911) statistical/thermal properties 1214) and phase transformations. 1518) Among them, experimental determination of phase diagram, in particular at elevated temperature is important to understand and control the microstructure of LPSO alloys. Experimental works on phase diagram on Mg-Zn-Y system have been made to determine isothermal and vertical cross section of the ternary system. For example, Grobner et al., 19) Schmitzfetzer et al. 20) showed phase diagram of the alloy system using calorimetric, micrographic, and also CALPHAD approaches. However, on the other hand, microstructural analysis from a view point of phase separation showed that the group of LPSO periodicities appearing in the alloy system may have much complex transformation path.
1618) For example, structure of well-ordered MgAlGd alloys suggests that the structure should be ideally described as intermetallic compounds. 4, 7) In contrast, several works using synchrotron radiation 4, 16, 17) and scanning probe microscopy 22) showed that the periodicity that appears first in the alloy system does not necessarily the most stable one, and the in-plane order structure in the segregated layer may change with time, temperature and composition.
Experimental
The sample compositions used in the present work are plotted by crosses in Fig. 1 , with reported phases 1921, 23) shown by triangles. They are provided by Kumamoto University in a form of ingot finished with a diameter of 30 mm and length of about 70 mm. The nominal compositions are Mg-1 mol%Zn-2 mol%Y, Mg-3 mol%Zn-5 mol%Y, Mg-6 mol%Zn-9 mol%Y and Mg-10 mol%Zn-15 mol%Y. They are hereafter referred as 1-2, 3-5, 6-9 and 10-15 compositions respectively. The sample compositions were measured by conventional SEM/EPMA before and after the in-situ measurements. In-situ measurements were made at a monochromatic small-angle scattering beamline 40B2 and a polychromatic beamline containing higher harmonics, 04B2 of SPring8, Japan, and ex-situ measurements were made at beamline 6A of Photon Factory, Tsukuba, Japan. The sample was heated in an in-situ furnace placed in a vacuum chamber evacuated by a turbo molecular pump to avoid oxidation during the measurements. The sample was heated from room temperature to 900 K, i.e., above the melting temperature at a heating rate of 10 K/min. and then cooled down at 10 K/min. Details of the in-situ measurements are described in Refs. 16), 24) and 25). Figure 2 shows SEM micrographs of the samples before and after an in-situ measurement for 1-2 composition. Both of the micrographs show similar microstructures consisting of dark primary ¡-Mg grains surrounded by bright LPSO phases. The microstructure of the sample after the in-situ measurement shown in Fig. 2(b) is much coarser, due to slower cooling rate during in-situ cooling than the metal mold casting used for the as-supplied ingot. The average composition of the sample before and after the in-situ measurement was the same, Mg-1.3%Zn-2.7 mol%Y, within experimental error by EDX analysis. Therefore, the average composition of the sample has been kept unchanged all though the in-situ measurement even after melting and solidification. The composition remained unchanged during in-situ measurements for all the compositions in the present experiments.
Results and Discussions
Change in the SWAXS intensity profiles is shown for a 3-5 sample in Fig. 3 . The profiles are radially averaged from two-dimensional data obtained by a charge coupled device detector with image-intensifier (II-CCD). The abscissa denoted as q 37.8 means that an observed SAXS profile is composed of three SAXS patterns, i.e., that by 37.8 keV, 113 keV and 151 keV. Therefore, a diffuse halo peak observed around q 37.8 = 8 nm ¹1 for 911 K is the peak given by 113 keV photon, i.e., the magnitude of the scattering vector q for the peak should be actually 24 nm
¹1
. The microstructure change is similar to the one observed for 1-2 samples. 25) As reported in the previous work on 6-9 and 1-2 alloys, 16, 25) the peaks at 3.4 nm ¹1 , 4 nm ¹1 and 4.8 nm ¹1 correspond to compositional modulation of 14H, 18R and 10H stacking orders. The broad peak appearing between 5 nm ¹1 and 6 nm ¹1 is the interference between L1 2 clusters in the segregated layers. 16, 17, 24) During heating, the main LPSO periodicity appearing in the sample was 18R for the 3-5 composition, and weak 10H are also observed in the as-cast sample. The 10H peak disappeared at lower temperatures than 18R did, due to relative instability. During cooling, the major phase appearing in the sample was 18R, and formation of 14H was also observed. Considering the phase sequence observed in the previous work for 6-9 samples 17) where 10H appears first and then 18R coexist, and 18R is the stable structure for 6-9 composition, we may conclude that formation sequence of Mg-Y-Zn alloy showed general tendency that LPSO with longer periodicity than that with the most stable periodicity for the composition appears first, or coexists with the most stable one in a intergrowth microstructures. As shown in Fig. 3(a) , LPSO with shorter periodicity, i.e., 10H structure disappeared at lower temperatures. The temperature that 10H disappeared should be determined by the competition between 10H and 18R in Fig. 3(a) , so that it is purely kinetic and not the temperature of thermal instability of 10H itself.
To examine the peaks at the elevated temperatures, SAXS profiles between 835 K and 911 K during heating are extracted from Fig. 3(a) and shown in Fig. 4 . The peaks denoted by the arrows correspond to; A:18R, B:in-plane ordering by 37.8 keV photon, C: halo peak by 151 keV photon, D,F: Bragg peaks by 113 keV photon, E: halo peak by 113 keV photon. Both 18R peak and in-plane order peak disappeared at the same temperature range between 842 K and 845 K. It suggests that the stability of L1 2 clusters and their two-dimensional order is the same as that for 18R periodicity. This result, i.e., the stability of L1 2 cluster is the same for that of concentration modulation with the most stable periodicity in the sample, is common to all the compositions examined in the present work. In contrast to the previous results on 6-9 alloys where the LPSO peaks disappeared at the same temperature as that the Bragg peaks disappeared to form halo, the Bragg peaks marked by D and F remained at 845 K in the figure, where the 18R (peak A) and in-plane cluster correlation (B) disappeared, suggesting that the sample is in the two phase state of ¡-Mg crystal + liquid for the 3-5 composition. At 911 K, only the halo peaks of C and E are observed, meaning that the sample completely melted. Similar melting sequence was observed also for 1-2 composition. At q 37.8 = 9.5 nm ¹1 denoted by G, the intensity increased between 835 K to 840 K, suggesting that scattering from halo component appeared when the LPSO peak still remained. This suggests that at higher temperatures, LPSO coexists with liquid phase, or in other words, partial melting was observed.
When the sample is cooled from 911 K, the system remained halo pattern until rather lower temperatures as shown in Fig. 3(b) , suggesting supercooling. Then the 18R peak and the broad in-plane peak started to grow simultaneously. The major periodicity appearing first is 18R, and then a 14H peak appeared in the lower temperatures. In contrast, as-supplied sample contained 18R for the major periodicity with very small amount of 10H. As shown in Fig. 1 , the microstructure suggests that the in-situ cooling rate of 10 K/min. is much slower than the initial mold casting. Considering that the reported stable periodicity for the sample having ¡-Mg + LPSO two phase microstructure is 14H, 15, 25) higher cooling rate in the L+¡-Mg region leads to insufficient mixing in the liquid region and formation of LPSO at higher concentration. The peak position corresponding to the in-plane ordering is much lower than the ideal 2 ffiffi ffi 3 p a position, 4) as reported for 6-9 and 1-2 alloys. To examine the profile at the initial state of formation of LPSO during cooling, three profiles are extracted from Fig. 3(b) and shown in Fig. 5 . At 911 K, as also shown in Fig. 4 , two halo peaks denoted by C and D are present in the profile, corresponding to liquid phase. At 818 K which is just above the temperature that well-defined 18R peak (A) and diffuse in-plane order (B) appear simultaneously, the pattern is a mixture of halo patterns and fundamental Bragg peaks E and F. The intensity at about q 37.8 = 9 nm ¹1 decreases between 911 K and 818 K, reflecting the decrease in the volume fraction if liquid phase. In contrast, decrease at 9 nm ¹1 between 818 K and 815 K is smaller, suggesting that a larger volume fraction of liquid phase was consumed by primary ¡-Mg precipitation for the sample. It should be also noted that the temperature that the peak A and the peak B in the figure appears is the same, i.e., the formation of L1 2 cluster and compositional modulation of 18R periodicity should be simultaneous also in the formation process. The temperature that the peak corresponding to the periodicity such as 18R appears and that the in-plane order of L1 2 clusters appears also agreed for other compositions examined in the present work.
The temperatures that LPSO completely disappeared during heating, and those that LPSO appeared from the liquid phase are plotted in Fig. 6 as a function of average Y concentration of the sample. During heating, the diffraction peak representing periodicity of concentration modulation of LPSO vanished at the temperatures between 820 K and 850 K. For the compositions of 1-2, 3-5 and 6-9 alloys, the periodicity having the highest thermal stability was 18R in the present experiments. For 10-15 alloys, the as-cast sample shows 10H structures as a major periodicity with small amount of 18R, and during cooling, only the 10H structure appeared. Therefore, the formation sequence for 10H has exception for 10-15 sample that longer periodicity than the most stable one appears during casting.
Conclusions
In-situ measurements of synchrotron-radiation small-angle scattering with a use of higher harmonics have been made for Mg-Zn-Y ternary alloys. The stability of LPSO microstructure has been examined in particular around the temperatures where liquid phase coexists with the LPSO. It has been found out that
(1) The LPSO periodicity observed by compositional modulation disappeared at the same temperature as that the order peak of L1 2 clusters in the segregated layer disappeared in all the compositions examined in the present measurements during heating. (2) During cooling from melt sample, the LPSO periodicity observed by compositional modulation appeared at the same temperature as that the order peak of L1 2 clusters in the segregated layer appeared in all the compositions examined in the present measurements during cooling. It is found that the LPSO was formed from a supercooled melt. The degree of supercooling ranged from 18 K for dilute alloy to 30 K for the most concentrated composition. (3) The temperature that LPSO form from liquid was 812 « 2 K as average for the present samples. (4) From the intensity profile around the halo peaks by 113 keV, it was concluded that the LPSO coexists with liquid phase below complete melting during heating process. For further detailed discussion concerning the stability of each periodicity against liquid phase, samples with single periodicity need to be prepared as the starting materials by long-time isothermal annealing. Microstructural evolution by long-time annealing using synchrotron radiation is now under way.
